Atherosclerosis is a major cause of mortality and morbidity worldwide. In advanced atheromatous plaques, stiffening is often accompanied by calcification. Although the fibrous cap is more deformable than calcified regions, it is unknown to which extent it deforms with a presence of calcified region. In the present study, we excised human aortas with calcified/noncalcified plaques at autopsy and investigated the correlation between the presence of calcification and the deformation of the luminal surface. Rectangular specimens were stretched uniaxially in the circumferential direction. A digital image correlation (DIC) technique was applied to scattered spots on the specimen surface with an applied strain of 0.04 -0.05 to obtain the distributions of normal strain in the stretching direction. The distance between the calcified region and the lumen was measured at the location of minimum strain on the luminal surface from cross-sections of computed tomography (CT) images of specimens and photographic images of formalin-fixed specimens. The calcified region was also identified upon histological examination. Our results showed that two calcified plaques had a minimum strain of zero on the luminal surface with calcified regions 10 -20 m off the lumen in the fibrous cap and one had a minimum strain of 0.006 with calcified regions 496 m off the lumen in the lipid core, while two noncalcified plaques had minimum strains of 0.004 and 0.008. These results indicate that the local deformation of the fibrous cap is restricted completely in cases where it is calcified. The average deformation is about one tenth of that observed on the surrounding vascular tissue surface in the cases where calcification is not present, or is present in a deep layer of the fibrous cap or in the lipid core. These findings may facilitate better understanding of calcified plaques, aiding image-based diagnosis. 
Introduction
Atherosclerosis is a leading cause of mortality and morbidity worldwide (Mathers and Loncar, 2005 ). An advanced atherosclerotic plaque has a stiff fibrous cap that is often accompanied by calcification. Images of atherosclerotic plaques provide information that aids assessment of the severity of the plaque (Thompson and Stanford, 2004) . Strain Assessment of the relationship between deformation characteristics and the presence of calcification in human atheromatous plaques using uniaxial stretching evaluations with digital image correlation, CT scanning and histological examination analysis may be a useful tool for improving our understanding of these plaques in image-based diagnoses (Nederveen, et al., 2014) . From a mechanical perspective, plaques associated with a thin fibrous cap (Loree et al., 1992) , large lipid pool (Kiousis et al., 2009; Tang et al., 2004a) and calcification (Buffinton and Ebenstein, 2014; Li et al., 2007) are more vulnerable to rupture. These regional abnormalities in morphology and mechanical properties are key factors in causing this vulnerability (Finet et al., 2007; Lee et al., 1991; Tang et al., 2004a) .
Numerical studies have measured stress to assess the effect of calcification on the fibrous cap (Huang et al., 2001; Tang et al., 2004b; Li et al., 2007) . A 47.5% increase in stress was observed in the presence of a calcified region in the fibrous cap (Li et al., 2007) ; no increase in stress was observed in the fibrous cap with a calcified region that was either far from the lumen or within the lipid core (Huang et al., 2001; Li et al., 2007) . The stress depends on the size and location of the calcification (fibrous cap or lipid core) (Tang et al., 2004b) . Although numerical analyses have incorporated geometric and mechanical properties of components (i.e., fibrous cap, lipid core, and normal vascular wall), force transmission conditions between these components have not been fully elucidated.
Experimental studies have measured strain to make the aforementioned assessment (de Korte et al., 2002; Boekhoven et al., 2014; Nederveen, et al., 2014) . de Korte et al. (2002) performed intravascular elastography on patients' coronary arteries and obtained an average value of 0.002 for the radial strain in the case of a calcified plaque, and 0.005 for noncalcified tissue during a pressure cycle. Boekhoven et al. (2014) used ultrasound imaging of human carotid endarterectomy samples under inflation and observed lower strain for highly calcified plaques. Nederveen et al. (2014) conducted MR imaging, which is a promising technique for measuring the strain in plaques. Although these measures provide valuable information in practice, we need to establish the basic relationships between the strain and the tissue conditions under controlled conditions to improve the understanding of the effects of the presence of calcification on the deformation of the fibrous cap.
In this study, we investigated the deformation characteristics of the fibrous cap surface by correlating them with the presence of calcification in the fibrous cap and the lipid core. For this purpose, we detected calcification by X-ray computed tomography (CT) scanning. We conducted uniaxial stretching tests for specimens with scattered spots on the surface and reproduced the luminal strain distribution by digital image correlation (DIC). We also identified the distance from the lumen to the calcified region on CT, and the location of the remnants of calcification by histological examination.
Materials and methods
This study was approved by the ethics committees of Fukuoka University Hospital and Japanese Red Cross Fukuoka Hospital.
Specimens
We obtained six thoracic aortic specimens from cadavers at autopsy (See Table 1 ) to ensure that the specimens would be sufficiently large to guarantee accurate strain measurements. The specimens were stored in a freezer at -40°C for 8 ± 3 days (mean ± standard deviation [S.D.]). Each specimen was thawed in physiological saline at room temperature and the adventitial layer was removed. Then, we dissected the specimens into a rectangular shape of 25 mm by 20 mm with a plaque located at its center. Photographs were taken to measure the length, width and thickness. 
Uniaxial stretching test
Specimen margins were clamped at a width of 3.5 -6.0 mm. Fine spots were scattered over the luminal surface of the specimen using a black water-based lacquer spray (Sunday Paint, Osaka, Japan). These spots were to be traced for strain analysis using the DIC technique.
The experimental setup for the stretching test is shown in Fig. 1 . The specimen was placed in a saline bath, which was kept at a temperature of 37°C. Both clamps were displaced in the opposite directions by a pair of stepper motor-driven stages (SGSP20-20(X); Sigma Koki, Tokyo, Japan) at a speed of 0.15 mm/s with a fine pitch of 0.008 μm/pulse. During stretching, distributed spots on the luminal surface were traced at 3 frames/s with a digital camera (60D; Canon, Tokyo, Japan) equipped with a macro lens (Compact-Macro lens EF 50 mm; Canon). The resolution of photographic images was set to ~0.01 mm/pixel. A side view of the specimen was video-recorded simultaneously by another digital camera at 30 frames/s.
The specimen was preconditioned by six cycles of circumferential stretching with a strain of 0.1 and a strain rate of 0.01/s to stabilize the deformation behavior under cyclic stretching, taking care to avoid mechanical damage. The specimen was then stretched monotonically up to a strain of 0.3 or 0.4 at a strain rate of 0.01/s. 
Strain analysis of the luminal surface by DIC
The time history of clamp-to-clamp distance was measured by tracing two or three pairs of spots on the clamps in successive images during stretching using DIPP Motion Pro 2.2 software (Ditect, Tokyo, Japan). A reference state of strain was determined as that in a no-slack length of the specimen for a series of side-view video frames under stretching.
Vic-2D software (Correlated Solutions, Irmo, SC) was used for specimens at clamp-to-clamp strains of approximately 0.05 so that there was no discontinuous displacement over the surface of interest. Maps of two-dimensional (2D) displacements and strains were estimated at grid points with an interval of 10 pixels (about 0.11 mm) to retain sufficient accuracy for plaques that are approximately 10 mm in size. In DIC, pattern recognition was carried out for squares of 51 × 51 pixels (between 0.55 × 0.55 mm and 0.64 × 0.64 mm) with a displacement sensitivity of 0.01 pixel (1×10 -4 mm). Using the above displacement sensitivity and the grid point interval, the derived minimal measurable strain was therefore 0.001.
Histological identification of remnant of calcification
A few hours after the stretching tests, each specimen was decalcified in a mixture of 50% formic acid and 20% sodium citrate at room temperature overnight. Specimens were then fixed in a solution of 10% formalin in 0.1 N phosphate buffer (pH 7.4) for a few days at room temperature. Each specimen was cut circumferentially into 8 -9 strips with a thickness of 2 -3 mm (left panel in Fig. 2 ). Photographic images were taken of all cross-sections after cutting (central panel in Fig. 2 ).
Hematoxylin and eosin (H&E) staining was performed on three middle cross-sections to identify remnants of calcification microscopically using a slide scanner (NanoZoomer 2.0-RS, Hamamatsu Photonics, Hamamatsu, Japan; resolution 0.23 μm/pixel for 40× magnification) and the incorporated software NDP.view 2 (right panel, Fig. 2 ). Picrosirius red staining and Movat's staining were also performed to observe collagen and elastin, respectively. 
Identification of calcified regions in cross-sectional CT images
A cross-sectional photograph was chosen and then a sliced CT image was identified based on various landmarks, such as the relative distance to the border of the specimen, gross morphological features, shape etc. to be located at the same position. The geometric accordance of CT and histological images was also evaluated similarly. The cross-sectional profile of a specimen on the CT image was detected using the "find edge" function in ImageJ 1.48 (NIH, Bethesda, MD). To identify the profile of calcified regions on CT images, a threshold was determined as the middle value of intensities in noncalcified and calcified regions. Specimens with calcified regions were visualized three-dimensionally using the 3D viewer plug-in in ImageJ, and a luminal view of calcified region was obtained using the "take snapshot" command.
Profiles of formalin-fixed cross-sectioned specimens in photographic images were traced manually to extract them with the smooth tracing function in the geometrical modeling software, Rhinoceros 4.0 (Robert McNeel & Associates, Seattle, WA). Circumferential length and radial thickness of these profiles were adjusted independently to overlap with the plaque region in the CT slice image.
Using Igor Pro 6.3 (Wave Metrics, Lake Oswego, OR), contours were drawn for distributions of displacement and strain on the luminal surface at a single clamp-to-clamp strain, which ranged from 0.050 to 0.052, with projection of a snapshot of calcified regions on the contour maps. Then, minimum strains were found and compared among calcified plaque specimens, noncalcified plaque specimens and a plaque-free control specimen.
Results

CT
Three out of the five atherosclerotic specimens obtained during autopsy were identified as calcified on CT. Figure 3 shows the distributions of intensity for calcified specimen, C3 and a plaque-free control specimen, N along a horizontal line in a cross-sectional CT image. The intensity of the noncalcified and plaque-free control specimens was 46 on average, while the intensity of calcified specimens was saturated at 254 in some areas. We took the middle value of 150 as the threshold for calcified regions. Figure 4 shows photographs of the luminal surface in calcified plaque specimens C1, C2 and C3, noncalcified plaque specimens NC1 and NC2, and the plaque-free control specimen N. The central rectangles indicate the regions used for estimating the displacement and strain by DIC, and hatched regions were clamped in the stretching test.
Stretching test and DIC
Horizontal and vertical directions correspond to circumferential and longitudinal directions of the aorta, respectively. The specimens were stretched with a maximum clamp-to-clamp strain of 0.4 (specimen C2) or 0.3 (other specimens). DIC analysis was conducted to obtain contours of displacement and strain from a photographic image at a single applied strain between 0.039 and 0.055 for each specimen. Figure 5 shows the contours of displacement in the stretching direction on the luminal surface of six specimens. The plaque regions did not deform as much as surrounding non-plaque regions, resulting in sparse contours under stretching. Due to nonuniform deformations, some contours were not perpendicular to the stretching direction, and the displacement in the stretching direction varied transversely. Figure 6 shows the contours of normal strain in the stretching direction on the luminal surface for five plaque specimens. The applied strain for the rectangular region in Fig. 4 was 0.049 (0.046 -0.052) for specimen C1, 0.045(0.039 -0.050) for C2, 0.039 (0.026 -0.054) for C3, 0.049 (0.047 -0.051) for NC1, and 0.055 (0.051 -0.056) for NC2, on average (range shown on the transverse axis). The minimum strain on the luminal surface was 0.000, indicated by an arrow, for calcified specimens C1and C2, 0.006 for C3, and 0.004 and 0.008 for noncalcified specimens NC1 and NC2, respectively. The total luminal areas with strain < 0.005 were 23.27, 12.85 and 1.64 mm 2 for C1, C2 and NC1, respectively. These areas covered 71%, 37% and 0% of the projections of calcified regions in C1, C2 and C3, respectively. Fig. 3 Distributions of intensity along a horizontal line in a CT slice image of calcified specimen (C3) and plaque-free control specimen (N). The dashed line indicates the average intensity of noncalcified specimens, NC1 and NC2, and the plaque-free control specimen, N. Fig. 4 Photographic images of luminal surface in six specimens. C1, C2 and C3 had calcified plaques. NC1 and NC2 had noncalcified plaques. N was a plaque-free control. Rectangles indicate regions for estimating the displacement and strain by DIC. Hatched regions were clamped in the stretching test. Figure 7 shows cross-sectional profiles of specimens and calcified regions at three cross-sections of C1 and C2 and a single one of C3, identifying the distance from the lumen to the calcified region using a pair of CT and photographic images. Figure 7 (a) shows CT scanned images of the cross-section at transverse locations of 7.99, 10.43, and 12.65 mm (specimen C1), 5.50, 8.13, and 11.00 mm (C2), and 6.05 mm (C3). Figure 7(e) shows H&E-stained images of cross-sections, with the distances of the remnants of calcification from the lumen indicated by a vertical line segment. The distance was measured from the location of minimum strain, which was denoted by an arrow in Fig. 7(c) . At these locations, the fibrous cap was calcified in C1-1, C1-2 and C2-1, while calcified regions in other cross sections were located in the lipid core. The zero strain, indicated by an arrow in specimen C2 in Fig. 6 , was 0.85 mm from the cross-section C2-3, and the top of the calcified region was 20 μm higher than that in the cross-section C2-3. Table 2 summarizes the minimum strain values measured for the various types of specimens. Two calcified specimens had strain values of zero, while the other atherosclerotic specimens had strain values ranging from 0.004 to 0.008. Figure 8 shows the relationship between the distance of calcification from the lumen based on CT and the minimum normal strain for the cross-sections C1-1 to C1-3, C2-1 to C2-3, and C3-1 in calcified specimens in the stretching direction with an applied strain of 0.04. The measured minimum strains were transformed so that the calculated minimum strain was proportional to the applied strain of 0.04. The calcification at a distance of <20 m from the lumen (calcified fibrous cap: C1-1 and C1-2) resulted in a minimum strain of 0.000 on the lumen surface. In comparison, the calcification at a distance of >220 m from the lumen (calcified fibrous cap: C2-1; calcified lipid core: C1-3, C2-2, C2-3, and C3-1) resulted in minimum strains of 0.003, 0.002, 0.003, 0.001, and 0.024, respectively. Manually extracted profiles from photographic images of fixed histological specimens were adjusted with horizontal and vertical magnifications, as listed in (d), to match the CT images in (b). The edges of calcified regions were overlapped with the size-adjusted specimens in (c) to measure the distance from the lumen to the edge. H&E-stained cross-sections in (e) were used to measure the distance from the lumen to the remnant of calcification at the location of minimum strain, indicated by an arrow in (c). Fig. 8 Relationship between the distance of calcification from the lumen based on CT image and the minimum normal strain in the stretching direction on the luminal surface at seven transverse positions with an applied strain of 0.04 among calcified specimens (C1, C2 and C3); FC and LC refer to calcification in the fibrous cap and the lipid core, respectively; Note that strains <0.001 (dashed line) are in the undetectable range of DIC.
Profile of calcification and its distance from the lumen based on CT and histological images
Discussion
We obtained the luminal strain values of the plaque specimens and correlated the minimal luminal strain values with the presence of calcification. Zero strain was observed on the fibrous cap with calcification near its surface. The minimal strain value when calcification was present in the lipid core was comparable to that for noncalcified specimens. These strain values (i.e., zero strain for calcification in the fibrous cap, specimens C1 and C2; and strain similar to noncalcified plaque for calcification in the lipid core, C3) for thoracic aorta are consistent with those for coronary and carotid arteries described in the literature (de Korte et al., 2002; Boekhoven et al., 2014) . de Korte et al. (2002) measured radial mean strain over cardiac cycles using intravascular elastography for coronary arteries, while we measured the circumferential strain on the luminal surface of the aorta. This circumferential strain can be correlated directly with the stiffness of the fibrous cap because the plaque cap is stretched along the luminal surface by blood pressure.
We used the pressure-radius relationship for an 88-year-old woman with longitudinal stretches of 1.11 (Zulliger and Stergiopulos, 2007) and an assumption of incompressible isotropic material to obtain circumferential stretches of 1.14 under physiological conditions. We estimated that the pre-stretch of the no-slack configuration in our experiments was 1.1, assuming a tube with an inner diameter of 20 mm and a wall thickness of 2 mm. Referring to the pre-stretched reference state, the physiological stretches in the circumferential direction were calculated to be 1.04. A stretch of 1.04 is close to the applied strain for DIC analyses in this study.
We compared the distances measured by CT scans with the distances measured using histological images. The distances from the lumen to remnants of calcification were obtained from H&E-stained images, shown in Fig. 7(e) by vertical line segments. The distance was measured from the location of the minimum measured strain, which is denoted by an arrow in Fig. 7(c) . At these locations, the fibrous cap was calcified at distances of 69, 8, and 232 μm away from the lumen for C1-1, C1-2 and C2-1, respectively. Figure 9 shows the relationship between the distance from the lumen to the calcified region measured using CT images, and the distance to remnants of calcification measured using histological images. The Pearson product-moment correlation coefficient of the regression line was 0.93 (p = 0.01). Fig. 9 The relationship between the distances of the calcification from the lumen measured on both CT images and histological images at the location of minimum strain. (The symbols are the same as in Fig. 8 )
In Fig. 8 the strain was zero when calcification was close to the lumen surface. A value of zero for the strain on the surface of a calcified fibrous cap must be attributed to extremely stiff calcified tissue. Ebenstein et al. (2009) conducted nano-indentation tests on calcified samples and obtained a Young's modulus of 690 ± 2300 MPa (mean ± S.D.). Richardson (2002) reported that deformation was suppressed when the calcified region strongly adhered to the surrounding tissue. Such a severe lack of distensibility may increase the risk of rupture in response to applied inflation during angioplasty (Fayad and Fuster, 2001) .
With regard to the effect of calcification on advanced atherosclerotic plaques, FE analyses assume that force is transmitted fully at the interface of the fibrous cap and lipid core (Huang et al., 2001; Tang et al., 2004b; Li et al., 2007) . Our results show that in the case of calcification in the lipid core, the luminal strain was comparable to that for noncalcified plaques. This result for the strain may reflect a low degree of force transmission in soft tissue materials and at the interface between soft and hard materials. Figure 10 shows the histology of luminal regions of calcification in the plaque, a noncalcified region of the plaque, and a plaque-free area at the cross-section C1-2. The plaque showed an increase in collagen (A, B) and a decrease in elastin (D, E) in both calcified and noncalcified regions, compared with the intima of the plaque-free area (C, F). In the fibrous cap, Ito (2002) found large amounts of type III collagen and a few elastic fibers in advanced lesions, while there were few or no collagen and elastic fibers in the lipid core. This is consistent with our histological observations. The incorporation of the heterogeneous distributions of collagen and elastin around the calcified region remains for a future study.
There were some limitations to this study. The uniaxial stretching test on flat specimens did not consider the distribution of strain or residual strain across the thickness of the arterial wall or the physiological loading conditions with biaxial stretching over cardiac cycles.
We obtained 2D photo images to measure the strain of the luminal surface and conducted 2D DIC analysis to obtain values for the stiffness of the material. For some plaques with a bulge, one needs to distinguish between the effects of material stiffness and the effects of the geometry of the bulge on the strain. The use of 3D measurement and analysis of the strain can help with the identification of both of these effects and the evaluation of the surface strains along the edges of bulges or plaque shoulders, at the level of the flat surface of the specimen. For this reason, we did not evaluate the peak strain in plaque shoulders. 
Conclusions
We investigated the deformation behavior of plaques and how it correlates with the presence of calcification in circumferentially stretched human thoracic aortas. We conducted DIC analyses to estimate the minimal strain on the surface of the fibrous cap with applied strains of 4% or 5%. The distance from the lumen to the calcified region was measured in some cross-sections using CT images of specimens, which were scanned prior to the stretching tests, and photographic images of formalin-fixed specimens. The locations of remnants of calcification were identified by histological observations, and their distances from the lumen were compared to those obtained from CT scans to validate the measurements.
The fibrous cap with calcification near the surface underwent zero strain on the luminal surface. Zero strain must be caused by the region being severely stiffened by calcification. The minimal strain values for cases where calcification was present in the lipid core were similar to those of noncalcified plaques. These characteristics facilitate image-based diagnoses of arterial plaques.
